Introduction
The early risk assessments concerning canned foods can be viewed as the early history of predictive food microbiology. This science was born as early as the 1920 s, when heat destruction of spores was recognized to follow a first order kinetic and when the effect of temperature on the heat resistance of microorganisms was described by either the famous Arrhenius equation or the Bigelow model [1] . In the early 80 s, the development of the fresh foodstuffs market carried predictive microbiology towards modelling microbial growth in foods, analysis and control of risk. This trend was largely enhanced by the availability of powerful microcomputers on every desk. Predictive microbiology may concern either bacterial pathogens in food or spoilage microorganisms : in the first case, food safety concerns consumers health while in the second one, it concerns the nutritional value and the acceptability of foods. In both cases, models are supposed to allow the answers to two types of questions: the first one revolves round the risk assessment: what would happen if... ? What would the shelf-life of my foodstuff be if stored at a certain temperature? What is the probability of a food becoming toxic at certain conditions? Etc. The second kind of questions is related to the optimisation of foodstuffs formulation and process: which combination of pH and water activity of a prepared meal would be likely to prevent the growth of a certain pathogenic bacteria? At which combination of time-temperature must a dish be cooked to get sufficient food safety without spoiling its nutritional value or its acceptability?
A major difficulty is the selection of the microbial species and even of the strain, the characteristics of which must be input in the model. In the frame of health problems and of fresh foodstuffs, the fastest growing and most toxic or pathogenic strain would be selected as a reference. If it is a canned food, the most heat resistant and most toxic type of spore must be considered. Since the works of Esty and Meyer [2] All conventional heat processing calculations are based on as few as two equations: a primary equation which corresponds to the first order kinetic of microbial inactivation represented by a log-linear sur vival cur ve, and a secondar y equation which describes the effect of the heating temperature on the thermal resistance of target spores. Improvements of heat inactivation modelling consist in the extension of these equations into more general primary models which are able to fit typical non log-linear sur vival cur ves and multifactorial secondar y models which take non only heating temperature, but also some new other environmental factors into account. A first models generation inputs only factors such as pH or water activity which are related to the heating phase regardless of recovery conditions. A second models generation further includes environmental factors linked to the recover y conditions of incubation for the calculation of heat resistance. These new trends lead to the main following consequences: i. the efficiency of a heat treatment is more suitably characterised by the bacterial inactivation ratio than by the traditional F-value which is no longer additive, ii. The lethality factor concept can be usefully extended to a more general function which would include not only heating temperature, but also main other environmental factors. Key words: predictive microbiology, heat resistance, thermal inactivation Ivan LEGUERINEL and Pierre MAFART 2 been selected as the reference spore for calculations of sterilisation processes of canned foods. In any case, even when a precise strain of microorganism can be retained as a reference for calculations, it is very difficult to associate fixed parameter values with it. Casolari [3] Obviously, the field of validity of an empirical model is much narrower than that of a theoretical model because they can be applied only at specific experimental conditions and cannot be extrapolated out of the field of investigation. On the other hand, the main advantage of such models is that every experimental curve can be described by an empirical model such as a polynomial equation.
Moreover, several models which can be very different, can be fitted on the same set of experimental data. For example, the models of Arrhenius and of Bigelow, in spite of their apparent incompatibility, both describe successfully the effect of temperature on heat resistance of microorganisms. Nowadays, nobody is able to decide whether one model is better than the other. That means that researchers can choose among a large palette of equations with the advantages and drawbacks of each.
The basic keystones of predictive modelling applied to heat inactivation of spores
Before the early 80 s, predictive food microbiology was mainly based on as few as two fundamental elementary models: a primary equation which described microbial kinetics, and a secondar y equation which took into account the effect of temperature, the only considered factor until then, upon these kinetics. Madsen and Nyman [4] showed that the destruction of a homogeneous population of bacteria subjected to the action of a disinfectant fol- 
whereas D is the decimal reduction time (average exposure time which is likely to cause a tenfold reduction of the number of surviving cells).
The older secondary equation describing the effect of temperature on the growth or destruction rate is the famous Arrhenius equation (1889):
where T is the absolute temperature, R, the perfect gas constant, E a , the activation energy and k 0 , an empirical constant.
This historical equation showed an excellent goodness in a relatively large range of temperatures.
As soon as 1910, Chick [6] found an alternative model 
where D* is the decimal reduction time at the reference temperature T*.
In the early 20 s, Ball [7] was the first to implement heat resistance models for the needs of food engineering in order to intrinsically compare the efficiency of heat treatments, regardless of the thermal resistance of target strains. He defined the F-value as the time (in minutes) of a heat treatment at the constant temperature T* (121.1 ), or any equivalent cycle which would yield the same efficiency. The most popular way of characterising the heating efficiency is the decimal reduction ratio defined by:
The target F-value to be applied depends obviously on the aimed level of safety (n) and on the heat resistance of the spores to be destroyed (D). The combination of transformation of Eq. (2 ) and (5) yields:
At the reference temperature, by definition of the F-value, Eq. (6) becomes:
Eq. (7) allows calculating a target F-value but doesn t indicate how to reach the aimed value. At a constant heating temperature, the combination of Eqs. (4), (6) and (7) yields another expression of the F-value:
The reached F-value is then the product of the heat exposure time and a function of temperature, generally denoted L(T) and sometimes called lethality factor
At dynamic conditions of variable temperature,
Recent Trends of Inactivation Modelling
Survival curves are conventionally assumed to be loglinear (see Eq. 2 ). However in reality, other patterns of curves are frequently observed [8] , with either a curvilinear lag phase (shoulder) followed by a straight linear phase, or a first linear part followed by a curvilinear slow down phase (tail). Sometimes, curves may be entirely cur- conditions. For this reason, secondary modelling has to take environmental recovery factors into account.
New primary models
A number of empirical or more or less mechanistic models were proposed for describing non linear sur vival curves [9, 10] . A compromise has to be found between simplest models which are limited as they can describe only one shape of curve (for example, the biphasic Cerf model [8] ) and more flexible but more complex models which are able to describe most of curve shapes (for example the Whiting model [11] ). Among the lot of pub- log N log N 0 t p (12) parameters N 0 and can then be estimated from a simple linear regression. This last equation is able to describe downward and upward concavity curves and to fit with a good approximation survivor curves including a shoulder or a tail, however, but is not suitable for fitting sigmoidal curves. In order to allow the fitting of this last type of curve, Eq. (12) was modified by Albert and Mafart [14] into
The new added parameter N corresponds to a low asymptote reflecting the presence of a resistant sub-population which should not be destroyed by a heat treatment assumed to be mild.
An alternative model which presents about the same level of simplicity without quite the same flexibility as Eq. (13), was previously published by Geeraerd et al [9] . The main advantage of this model is its ability to fit survivor cur ves at dynamic condition of variable temperatures more easily than most of other models. In its static version, the Geeraerd model can be written as follows: (14) where N has the same significance as in Eq. (13) while without shoulder ( 0), the equation is reduced to:
Secondary modelling
At the present time, secondary modelling is almost exclusively linked to the conventional primary log-linear equation and concerns either the specific inactivation rate k (Eq. 1) or the decimal reduction time D (Eq. (2).
However, the emergent popularity of the Weibull frequency distribution model is progressively leading to the modelling of the scale parameter of Eq. (12), while the shape parameter p is generally assumed to be characteristic of a strain and independent of environmental factors.
First generation models (ignoring recovery conditions)
Davey et al. [15] were the first to propose an equation combining heating temperature and pH effects on the specific inactivation rate of spores of Clostridium botulinum:
where T is the absolute heating temperature while According to a similar approach, Mafart and Leguérinel [16] proposed an extension of Bigelow relationship from the same data sets as those which were input by Davey: 
The common limit of both models is the fact that they ignore interactions between factors, while the existence of such interactions is well known. Investigating the heat resistance of Bacillus cereus, Gaillard et al. [18] attempt to circumvent this drawback by modifying Eq. (18) as follows: From the neperian version of the Weibull model,
Fernandez et al. [19] modelled the scale parameter as follows: 
Second generation models (taking recovery conditions into account)
Because each environmental factor acts differently during the heating phase and during the recovery incubation following the heat exposure, in order to avoid any confusion, we denoted X any factor related to the heating and 
It can be seen that three parameters have to be estimated from a non-linear regression: the optimum value of the considered factor X opt , the sensibility value z X (distance of X from X opt which leads to a ten fold reduction of the apparent decimal reduction time), and D which corresponds to the maximum D value.
This structure presents the advantage of simplicity, parsimony, and biological interpretability of parameters, but it imposes to fitted curves a symmetric pattern. [23] found an optimal water activity close to 0.98-0.99, while the sensibility parameter z was dependent on the nature of the depressor: around 0.1 for dextrose and glycerol, closer to 0.07 for sucrose.
Modular combination of elementary models
It is frequently assumed, in the field of predictive microbiology, a multiplicative effect of each inhibitory factor upon the specific growth rate of bacteria (see the Zwietering gamma-concept ) [24] . The same assumption was retained concerning the bacterial heat resistance.
As the logarithmic transformation of a product yields a sum, the combination of several monofactorial elementary models presents the structure of Eq. (19) . More generally, it can be written as follows:
where the exponent n may be equal to 1 or 2. X* i is not a free parameter, but correspond to a fixed reference value (for example, T * 121.1 ; pH* 7; a* w 1).
Similarly, Eq. (23) can be extended into:
Lastly, the combined effect of factors X related to the heating phase and X related to the recovery conditions yields:
Concluding Remarks
The extreme variability of spore heat resistance is the consequence of a very complex group of factors and interactions, so that a perfect modelling is necessarily beyond reach. However, recent developments in heat resistance modelling are likely to allow large improvement in the area of heat processes calculations.
The first consequence of the implementation of nonlog-linear primary models is the loss of relevance of the traditional F-value concept which keeps no longer additive [13] , so that conventional algorithms are becoming no longer valid. Some authors proposed new algorithms from the Weibull model for calculating the efficiency of heat treatments in terms of decimal reduction ratio [25] [26] .
However, further research would be necessary to elucidate the behaviour of the shape parameter of the model according to environmental conditions and physiologic state of target spores. In any case, the usefulness of comparative standard calculation based on reference strains and log-linear survivor curves would obviously remain intact, so that the F-value concept seems to be far from being dropped.
The development of multifactorial secondary models naturally leads to an extension of the lethality factor concept, the classical expression of which is:
It was proposed [16] to generalize this last equation into the following multifactorial expression:
A further extension of the lethality concept to environmental factors linked to recovery conditions would need the replacement of free parameters X opt by fixed relevant reference X * value which remain to be determined from further research.
